RK. Keratinocyte growth factor-2 stimulates P-glycoprotein expression and function in intestinal epithelial cells.
demonstrated that inoculation of Pgp total knockout mice with Helicobacter bilis, an organism known to cause inflammation in other murine inflammatory bowel disease models, accelerated the development of colitis (20) due to a family of cytolethal-distending toxins (33) . Furthermore, recent studies by Guner et al. (12) showed that Pgp total knockout neonatal mice are more susceptible to intestinal inflammation caused by the pathogen Cronobacter sakazakii that has been associated with hospital outbreaks of necrotizing enterocolitis. These animal studies further attest to the role of Pgp in the protection of intestinal epithelia from luminal bacterial toxins and from development of inflammation.
Downregulation of Pgp has been implicated in the pathophysiology of inflammatory gut disorders, although the mechanisms involved are not well understood. For example, Pgp levels are abnormally low in the intestine of patients with newly diagnosed or refractory ulcerative colitis (UC) (1, 13) and Crohn's Disease (5) . A decrease in function and expression of Pgp has also been shown in an experimental mouse model of dextran sulfate sodium (DSS)-induced (18) colitis and in IL-10 knockout mice that develop spontaneous colitis under conventional conditions (6) . Accordingly, mice lacking the mdr1a gene have been shown to develop spontaneous colitis similar to human UC (23) . Given that Pgp downregulation contributes to the pathophysiology of inflammatory gut disorders, agents that increase Pgp function and expression could have therapeutic potential in attenuating gut inflammation.
In this regard, keratinocyte growth factor-2 (KGF2) has recently emerged as a potential therapeutic protein in the amelioration of intestinal inflammation and maintenance of gut mucosal integrity (8, 11, 14, 21) . KGF2 [also known as fibroblast growth factor (FGF) 10] is a soluble 170-amino-acid polypeptide secreted by fibroblasts and endothelial cells that acts primarily on epithelial cells via the activation of selective high-affinity transmembrane FGF-2 IIIb receptor of the tyrosine kinase family (7, 9) . Previous studies have shown that KGF2 exerts protective effects in DSS-induced colitis mice by reducing the mortality, alleviating the weight loss, and lessening the inflammation as judged by the histological score and colonic myeloperoxidase levels (21) . Repifermin, a truncated, recombinant form of KGF2, was also shown to provide protection against intestinal injury in a murine model of DSS colitis (11) and to promote healing of indomethacin-induced jejunal ulceration in rats by stimulating epithelial restitution (14) . However, the molecular mechanisms underlying the protective effects of KGF2 in intestinal epithelial cells in both the in vitro cell culture and in vivo animal models are lacking. Moreover, no studies are currently available on the effects of KGF2 on Pgp function and expression in the human intestine. Therefore, the present studies were aimed at examining the direct effects of the growth factor KGF2 on Pgp function and expression in intestinal epithelial cells and delineate the mechanisms involved. Cell culture and treatment. Caco-2 cells were grown in T-75 (75 cm 2 ) plastic flasks at 37°C in a 5% CO2 environment. The culture medium consisted of high-glucose MEM, 20% fetal bovine serum, 20 mM HEPES, 100 IU/ml penicillin, and 100 g/ml streptomycin. Cells used for these studies were between passages 25 and 45, were plated on 12-well Transwell inserts at a density of 1 ϫ 10 4 cells/well, and were used for experiments at day 21 after plating as described previously (25) . Fully differentiated Caco-2 monolayers were treated with KGF2 (10 ng/ml) from the basolateral side for 1-or 24-h time points in the serum-free cell culture medium supplemented with 0.2% BSA.
MATERIALS AND METHODS

Materials
In separate sets of experiments, cells were pretreated with the specific FGFR antagonist PD-161570 (10 M) or Erk1/2 MAPK inhibitor PD-98059 (30 M) for 1 h and then coincubated with KGF2 for an additional 1 h.
Pgp-dependent digoxin flux activity. Pgp activity was determined by measuring verapamil-sensitive [ 3 H]digoxin flux in Caco-2 cells as previously described (25) . Transport studies were performed in triplicates in the apical-to-basolateral (ab) and basolateral-to-apical (ba) directions with flux buffer containing [ 3 H]digoxin (1 Ci/ml supplemented with 1 M unlabeled digoxin) from either the apical (200 l) or basolateral (500 l) compartments at room temperature in the presence or absence of Pgp inhibitor verapamil (10 M). Samples (100 l) were taken from receiver compartments (initial flux) at 15 min and then (final flux) at 60 min. The radioactivity of the receiver samples was determined using a Packard Tri-Carb 1600TR Liquid Scintillation analyzer (Packard Instruments; Perkin Elmer). The ab or ba values of the final flux were subtracted from the initial flux, and digoxin flux activity was expressed as a ratio of verapamil-sensitive ba flux to ab flux.
Cell surface biotinylation. Cell surface biotinylation studies were performed in Caco-2 monolayers using Sulfo-NHS-SS-Biotin (1.5 mg/ml; Pierce) in borate buffer (in mM: 154 NaCl, 7.2 KCl, 1.8 CaCl 2, and 10 H3BO3, pH 9.0) as described previously (10) . Labeling was allowed to proceed at 4°C to prevent endocytosis and internalization of antigens for 60 min. The biotinylated antigens were immunoprecipitated using streptavidin agarose beads, and the biotinylated proteins were released by boiling in Leamli buffer containing 100 M dithiothreitol. Proteins were subjected to SDS-PAGE followed by immunoblotting with anti-MDR1 (Pgp) antibody (25) . The surface Pgp levels were compared with total cell antigen as determined by immunoblotting in solubilized cell extract.
Erk1/2 MAPK small-interfering RNA transfections. For small RNA interference studies, Caco-2 cells (10 ϫ 10 4 cells/well) were plated on six-well Transwell inserts 24 h before transfection. After 24 h, Caco-2 cells were transfected with Erk1/2 MAPK-specific small-interfering RNA (siRNA, 100 M) and scrambled siRNA (100 M) (Qiagen, Valencia, CA) using Lipofectamine 2000 transfection reagent (Invitrogen) as recommended by the manufacturer. Post-siRNA transfection (72 h), cells were used for biotinylation experiments in the presence or absence of KGF2. In a separate set of experiments, cell lysates were prepared from both scrambled and Erk1/2 MAPK-specific siRNAtransfected cells to assess Erk1/2 MAPK expression.
Western blotting. KGF2-treated and untreated Caco-2 cells were prepared as described previously (25) . Lysates were run on a 7 or 12% gel and then transferred onto a nitrocellulose membrane. Nitrocellulose membranes were then used for immunoblotting with anti-MDR1 (Pgp) antibody (25) (25) . Human (h) MDR1 and histone (internal control) was amplified with gene-specific primers as described previously (5, 24) . Relative levels of hMDR1 mRNA were expressed as percent of control normalized to histone.
Transfections. Caco-2 cells were transfected with MDR1 promoter fragment (p-1,073/ϩ703, cloned upstream of the luciferase reporter gene in pGL2-Basic) and ␤-galactosidase expression vector by electroporation using the Amaxa Nucleofactor System as described previously (25) . MDR1 promoter activity was expressed in terms of relative luciferase activity normalized to ␤-galactosidase activity. Transfected Caco-2 cells were treated with KGF2 (10 ng/ml) from the basolateral side for 8-, 16-, or 24-h time points in 1% serum cell culture medium supplemented with 0.2% BSA. In a separate set of experiments, transfected cells were pretreated with the specific FGFR antagonist PD-161570 (10 M) or the Erk1/2 MAPK inhibitor U-0126 (10 M) for 1 h and then coincubated with KGF2 for another 24 h.
Statistical analysis. Results are expressed as means Ϯ SE of three to five independent experiments. Students t-test or one-way ANOVA with Tukey's test was used for statistical analysis. P Յ 0.05 was considered statistically significant.
RESULTS
Short-term effects of KGF2 on Pgp function in Caco-2 cells.
Caco-2 monolayers were treated with KGF2 (10 ng/ml) from the basolateral side for a time period of 1 h, and Pgp function was measured as verapamil-sensitive KGF2 effects on Pgp function are receptor mediated. To examine whether the effects of KGF2 (FGF10) are dependent on FGFR, we examined the effects of KGF2 on Pgp activity in the presence of the specific FGFR antagonist PD-161570 (10 M). The stimulatory effects of KGF2 on Pgp function were abrogated in the presence of the antagonist (Fig. 2) . These data indicate that the effects of KGF2 on Pgp function are FGFR signaling dependent.
KGF2 effects on Pgp activity in Caco-2 cells are Erk1/2 MAPK dependent.
Previous studies demonstrated that KGF2 attenuated H 2 O 2 -induced DNA damage in alveolar epithelial cells via the activation of the Erk1/2 MAPK pathway (29) . Therefore, we examined whether the effects of KGF2 on Pgp function in intestinal epithelial cells occur via a similar pathway. As shown in Fig. 3A , the specific Erk1/2 MAPK inhibitor PD-98059 (30 M) blocked the stimulatory effects of KGF2 on Pgp activity in Caco-2 cells, suggesting the involvement of Erk1/2 MAPK in KGF2-mediated effects. We also assessed the phosphorylation levels of Erk1/2 MAPK in Caco-2 cells treated with KGF2, since Erk1/2 MAPK activation is dependent on its phosphorylation. KGF2 significantly increased the phosphorylation of Erk1/2 MAPK by approximately twofold at 60 min but not at 15 or 30 min compared with untreated controls (Fig. 3B) .
KGF2 increases surface Pgp expression. It is well known that membrane transporters under short-term conditions are regulated via altering their levels on plasma membranes (10, 19, 27, 31) . We next examined the effects of KGF2 on surface levels of Pgp by cell surface biotinylation studies. Our results showed that KGF2 treatment significantly increased the surface levels of Pgp (170 kDa), whereas the total cellular Pgp levels did not change (Fig. 4) . These data are in parallel with an increase in Pgp activity in Caco-2 cells. Densitometric analysis of the protein bands suggested that KGF2 treatment increased surface Pgp levels by 40 -50% compared with controls. These results suggest that KGF2 under short-term conditions increases the level of Pgp on the plasma membrane.
Erk1/2 MAPK inhibition abrogates the KGF2-induced increase in surface Pgp expression. Because Erk1/2 MAPK was shown to be involved in mediating the effects of KGF2 on Pgp function in Caco-2 cells, we next examined whether the increase in surface Pgp levels by KGF2 was also dependent on the Erk1/2 MAPK pathway. For these studies, we performed siRNA transfections in Caco-2 cells with scrambled siRNA or Erk1/2 MAPK-specific siRNA. As shown in Fig. 5A , Erk1/2 MAPK expression was significantly knocked down in Erk1/2 MAPK-specific siRNA-transfected cells compared with cells transfected with scrambled siRNA. Furthermore, cell surface biotinylation studies showed that KGF2 treatment significantly increased the surface levels of Pgp (170 kDa), whereas the total cellular Pgp levels did not change (Fig. 5B ) in scrambled siRNA-transfected cells. However, KGF2 did not show any effect in cells transfected with Erk1/2 MAPK-specific siRNA.
Densitometric analysis of the protein bands suggested that KGF2 treatment increased surface Pgp levels by 40 -50% compared with control in scrambled but not in Erk1/2 MAPKspecific siRNA-transfected cells. These results further suggest that Erk1/2 MAPK is involved in the KGF2-induced increase in Pgp levels on the plasma membrane.
Long-term effects of KGF2 on Pgp function and expression in Caco-2 cells. KGF2 has been shown to modulate the expression of various genes in different cell types (2, 4, 15, 34) . Therefore, we next examined the long-term effects of KGF2 on Pgp function. As shown in Fig. 6 , Pgp function was significantly increased in response to 24 h treatment with 10 ng/ml KGF2. To examine whether long-term KGF2 treatment affects to 12% SDS-PAGE followed by transfer to nitrocellulose membrane. The blot was probed with anti-Erk1/2 MAPK antibody (Erk1/2 MAPK) or anti-GAPDH (GAPDH) antibody. B: cell surface biotinylation in siRNA-transfected Caco-2 cells. Overnight serum-starved cells transfected with scrambled siRNA or with Erk1/2 MAPK siRNA were treated with KGF2 (10 ng/ml) in serum-free cell culture medium supplemented with 0.2% BSA for 60 min and subjected to biotinylation at 4°C using sulfo-NHS-SS-biotin. After solubilization, biotinylated proteins were extracted with streptavidin-agarose from equal amounts of total cellular protein. Surface and total cellular fractions were run on 7% SDS-polyacrylamide gel electrophoresis followed by transfer to nitrocellulose membrane. The blot was immunostained with a mouse anti-Pgp/MDR1 (Pgp). A representative blot of 3 different experiments is shown. The data were quantified by densitometric analysis and expressed as arbitrary units and represent means Ϯ SE of 3 separate experiments.
Pgp mRNA expression, real-time RT-PCR using hMDR1 (Pgp) and histone (internal control) gene-specific primers were performed. Corresponding with the function, Pgp mRNA levels were significantly increased by about two-to threefold in response to 24 h incubation of Caco-2 monolayers with KGF2 compared with untreated cells (Fig. 7A) . Furthermore, Western blot showed that KGF2 also increased expression of Pgp protein (170 kDa). Densitometric analysis revealed that KGF2 significantly enhanced Pgp protein levels in Caco-2 cells by ϳ2.5-fold (Fig. 7B) . These results indicate that the increase in Pgp activity in Caco-2 cells by KGF2 was found to be consistent with increased MDR1/Pgp mRNA and protein expression. KGF2 increases MDR1 promoter activity. We next investigated whether the increase in the MDR1 mRNA expression was through a transcriptional mechanism involving increased promoter activity. Caco-2 cells were transfected with reporter construct containing an MDR1 promoter fragment harboring the region between Ϫ1,073/ϩ703 of MDR1 gene (ϩ1 represents the transcription initiation site). Posttransfection (24 h), cells were treated with KGF2 basolaterally for an additional 8, 16 , and 24 h, and MDR1 promoter activity was assessed. MDR1 promoter activity was markedly increased as early as 8 h incubation time by approximately twofold, which persisted until the 24-h time point (Fig. 8 ). These results demonstrate that long-term KGF2 treatment increases MDR1 expression through a transcriptional mechanism in human intestinal epithelial cells.
Stimulatory effects of KGF2 on MDR1 promoter activity are FGFR and Erk1/2 MAPK dependent. The specific FGFR antagonist PD-161570 (10 M) or the Erk1/2 MAPK inhibitor U-0126 (10 M) significantly attenuated the stimulatory effects of KGF2 on Pgp promoter activity in Caco-2 cells (Fig. 9,  A and B) . These data indicate that KGF2 stimulates MDR1 promoter activity via the activation of FGFR and the Erk1/2 MAPK pathway. Furthermore, these results suggest that the KGF2-mediated increase in Pgp promoter activity by Erk1/2 MAPK at the 24-h time point could be because of the early activation of Erk1/2 MAPK signaling within 1 h by KGF2. Overnight serum-starved postconfluent Caco-2 cells were treated with KGF2 (10 ng/ml) in serum-free cell culture medium supplemented with 0.2% BSA for 24 h. A: total RNA was then extracted from the cells, and 100 ng were amplified with MDR1 or histone gene-specific primers using 1-step RT-PCR mix containing SYBR Green fluorescence dye for real-time PCR quantitation. The relative abundance of MDR1 mRNA from control and KGF2-treated Caco-2 cells was normalized to histone mRNA (internal control). The data were quantified by densitometric analysis and expressed as %control in arbitrary units. Results represent means Ϯ SE of 3 independent experiments performed in triplicate. *P Ͻ 0.05 compared with untreated control. B: control and KGF2-treated cell lysates (75 g) were subjected to 7% SDS-PAGE followed by transfer to nitrocellulose membrane. The blot was probed with anti-Pgp/MDR1 (Pgp) or anti-␤-actin (Actin) antibody. A representative blot of 3 different experiments is shown. The data were quantified by densitometric analysis and expressed as %control in arbitrary units. Results represent means Ϯ SE of 3 independent experiments performed in triplicate. *P Ͻ 0.05 compared with untreated control. 
A
DISCUSSION
KGF2 is involved in a variety of biological processes, including epithelial cell growth, morphogenesis, migration, and restitution (32) . Also, KGF2 has been shown previously to be protective in experimental models of intestinal inflammation, indicating a role of KGF2 in mucosal defense, epithelial repair, and treatment of intestinal disorders (8, 11, 14, 21) . In the present study, we for the first time demonstrate that the upregulation of Pgp by KGF2 in intestinal epithelial cells occurs by dual mechanisms involving both posttranslational and transcriptional processes.
KGF2 is known to exhibit diverse physiological functions via transmembrane FGF receptor of the tyrosine kinase family (FGFR) (32) . Intestinal epithelial Caco-2 cells have been shown to express FGFRs on the basolateral surface (30) and have been used to examine regulation of various physiological processes such as epithelial cell proliferation and restitution in response to KGF2 (17, 30, 34) . Our data demonstrated that the selective FGFR antagonist PD-161570 attenuated the stimulatory effects of KGF2 on Pgp function in Caco-2 cells, suggesting that KGF2 effects on intestinal Pgp activity are dependent on FGFR. Furthermore, KGF2 (FGF10) has been shown to exert its effects by binding to the IIIb receptor variant of FGFR2, FGFR-2IIIb (also known as KGFR), in intestinal epithelial cells (7, 32) . However, because of the nonavailability of specific antagonists against FGFR-2IIIb, the role of FGFR-2IIIb in mediating the stimulatory effects of KGF2 on Pgp in Caco-2 cells still remains elusive. Further studies are needed to pinpoint the involvement of FGFR-2IIIb in KGF2-mediated effects using siRNAs against FGFR-2IIIb.
Binding of KGF2 to KGFR results in receptor dimerization, with subsequent autophosphorylation on tyrosine residues within the intracellular domain and recruitment and phosphorylation of substrate proteins (7) . In this regard, previous studies in alveolar epithelial cells have shown KGF2/FGFR signaling to activate Erk1/2 MAPK (29). Our studies also showed that Erk1/2 MAPK is involved in mediating the effects of KGF2, since the specific Erk1/2 MAPK inhibitor PD-98059 blocked KGF2-induced effects on Pgp activity in Caco-2 cells. A number of studies have shown that membrane transport proteins are regulated via recycling events under short-term (acute) conditions between intracellular and apical membrane compartments (vesicular trafficking) (10, 19, 27, 31) . However, there are no reports on the role of KGF2 in the regulation of proteins by membrane trafficking in the intestine. With respect to the mechanisms underlying the acute modulation of Pgp activity by KGF2, our results showed that KGF2-mediated stimula- tion of Pgp occurred via a significant increase in the apical membrane levels of Pgp with no change in the total levels of Pgp in Caco-2 cells. These results suggest that KGF2 induces Pgp in Caco-2 cells via recycling events at the posttranslational level. The increase in the surface expression of Pgp by KGF2 was abrogated in Caco-2 cells by Erk1/2 MAPK siRNA but not by scrambled siRNA. Together, the data indicate that knockdown of Erk1/2 MAPK attenuated KGF2-induced Pgp activity by abolishing the KGF2-induced increase in Pgp membrane levels. Our studies are in agreement with previous studies that also demonstrate that short-term epidermal growth factor treatment of human intestinal epithelial C2bbe cells increased glutamine transport and its surface expression levels via Erk1/2 MAPK-and Rho-dependent pathways (3). Long-term treatment of Caco-2 cells with KGF2 (24h) also significantly increased Pgp function. The increase in function was consistent with an increase in MDR1/Pgp mRNA and protein levels in Caco-2 cells and occurred via a transcriptional mechanism as KGF2 increased MDR1/Pgp promoter activity. Moreover, KGF2-mediated effects on Pgp promoter activity in Caco-2 cells were found to be receptor dependent, since the specific FGFR antagonist PD-161570 blocked the stimulatory effects of KGF2 on Pgp promoter activity. These results suggest the role of KGF2 in inducing FGFR sensitization and increased ligand (KGF2) receptor binding leading to the transcriptional activation of Pgp by KGF2 in Caco-2 cells. The involvement of ERK1/2 MAPK in mediating the stimulatory effects of KGF2 on Pgp promoter activity further indicated that Erk1/2 MAPK signaling could play an important role in KGF2-induced stimulation of Pgp via both membrane trafficking events (early activation of Erk1/2 MAPK within 1 h) and transcriptional mechanisms. We have previously shown the role of Erk1/2 MAPK in the transcriptional regulation of Pgp by the probiotic bacteria Lactobacillus acidophilus and Lactobacillus rhamnosus in Caco-2 cells (25) . Also, our low stringent analysis of Pgp using in silico analysis by Scansite 2.0 (22) identified potential phosphorylation sites for Erk1/2 MAPK. We speculate that these sequence motifs may play an important role in the direct or indirect phosphorylation of Pgp that could result in enhanced Pgp function and expression in response to KGF2. Further studies are needed to address this important issue.
In conclusion, our findings provide novel information on the upregulation of Pgp function and expression by KGF2 via both posttranslational and transcriptional mechanisms (Fig. 10) . Our findings showed that KGF2 under short-term conditions stimulated Pgp function in Caco-2 cells via the FGFR and involved an Erk1/2 MAPK-dependent pathway. KGF2-induced stimulation of Pgp-mediated digoxin flux correlated with an increase in the membrane levels of Pgp protein (via recycling events) and was found to be dependent on the Erk1/2 MAPK pathway. Long-term treatment with KGF2 also increased MDR1/Pgp mRNA and protein expression and function in Caco-2 cells. The observed increase in KGF2-induced Pgp expression and function occurred at the transcriptional level, since KGF2 significantly increased Pgp promoter activity via FGFR and the Erk1/2 MAPK pathway (Fig. 10) . Because studies in experimental animal models of inflammation have shown that KGF2 decreased inflammation because of its wound-healing and intestinal epithelial restitution effects (8, 11, 14, 21) , future studies are needed to investigate whether Pgp upregulation can contribute to beneficial effects of KGF2 and can reverse the decreased Pgp expression observed in inflammatory disorders such as inflammatory bowel disease. In this regard, administration of the anti-inflammatory probiotic L. acidophilus to mice demonstrated an increase in Pgp expression in the ileum and colon and attenuated decreased Pgp expression and inflammation in DSS colitis mice (25) . Also, because Pgp/mdr1 total knockout mice develop spontaneous colitis (23) , it will be of interest to examine whether Pgp upregulation in intestinal epithelial cells will protect against inflammation/colitis in animal models. The findings may have broader therapeutic implications in treating intestinal inflammatory disorders associated with a decrease in Pgp function and expression and impairment of epithelial integrity.
